Abstract: A range of microorganisms were assessed for their ability to degrade glucosinolates, using sinigrin (2-propenyl glucosinolate) as a model compound. Eight different species capable of growing on sinigrin as a sole carbon source were isolated. These were predominantly Gram-positive bacteria which also degraded the natural glucosinolates within rapemeal. Growth of the majority of these organisms in a sinigrin/glucose liquid medium was biphasic; glucose was utilised during the initial rapid phase of growth. The ability to degrade sinigrin was found to be unstable and was rapidly and irreversibly lost when organisms were cultured on sinigrin-free media.
Introduction
The two major Brassica species used for rapeseed oil production are B. napus (rape) ssp. oleifera and B. campestris (turnip rape) ssp. oleifera. Rapeseed is an economically important crop, and during the period 1979-1988 production grew by 247.5% to 5 894000 tonnes per year [1] . The residue remaining after oil extraction is termed rapeseed meal which is rich in nutrients, particularly protein, but its utilisation for the production of animal feeds is limited by the toxic * Corresponding author. compounds which it contains. The most important of these is a group of organic molecules called the glucosinolates [2, 3] . Attempts to upgrade the nutritional value of rapeseed meal have involved the reduction of these compounds by plant breeding, inactivation of thioglucoside glucohydrolase, steam stripping, solvent extraction, and leaching, but all these processes have major drawbacks [4] [5] [6] [7] [8] .
Microbial detoxification of glucosinolates and their degradation products offers perhaps the most potential for improving protein quality and availability, whilst removing the antinutritional compounds [9, 10] . This study investigates the detoxification of rapeseed meal by microbial action. Sinigrin (2-propenyl-glucosinolate) was used SSDI 0378-1097(94)00120-G 84 as a model for the isolation of microbial degraders of glucosinolates due to its availability, solubility and easy measurement.
Materials and Methods

Isolation of sinigrin-degrading organisms
Glucosinolate-degrading microorganisms were isolated and enriched from sediment samples from the River Mersey estuary (Mer isolates), petrochemically contaminated soil (Mud isolates), and phase II mushroom compost (Comp isolates). Samples (1 g) were suspended in 50 ml of M9 salts medium that contained 0.1% (w/v) each of glucose and sinigrin as carbon sources. Cultures were incubated at 37 °, 50 ° and 60°C, with shaking for more than 100 h and samples withdrawn every 24 h. Levels of sinigrin were monitored spectrophotometrically. When nearly all the sinigrin had disappeared, 1 ml of culture was transferred to a second flask that contained 50 ml M9 medium with 0.05% (w/v) glucose and 0.1% (w/v) sinigrin as carbon sources. Samples from flasks exhibiting sinigrin degradation were spread onto M9 agar plates that contained 0.1% (w/v) sinigrin as the sole carbon source and incubated overnight at the relevant temperature. Colonies of interest were subcultured into M9 media containing 0.1% (w/v) sinigrin. Potential glucosinolate degrading organisms were stored for up to 10 weeks on 0.1% (w/v) sinigrin M9 agar at 4°C. Stock cultures were maintained in 20%(v/v) glycerol at -70°C.
Determination of growth
Microbial growth was measured by optical density (OD660), or as total cell protein in cultures grown in M9 salts medium that contained 0.1% sinigrin with or without 0.2% glucose. For protein determination culture samples (10 ml) were pelleted by centrifugation at 4000 × g for 10 min, washed and resuspended in distilled water. Suitably diluted washed cells (0.5 ml) were boiled in 1 ml 1 M NaOH for 15 min and then cooled. The protein concentration was calculated by reference to a standard curve using similarly treated bovine serum albumin samples over a range of 0 to 100 /zg m1-1. 
Anlytical methods
The levels of ammoniacal nitrogen in culture supernatants were determined by means of the indolephenol assay [11] ; glucose was determined by means of the 8-toluidine assay and reducing sugar by means of the dinitrosalicyclic acid assay [12] . Total glucosinolate levels were estimated in rapemeal and cleared media by the glucose release method of Heaney et al. [13] .
Amounts of sinigrin in liquid media were rapidly measured by the method of Schwimmer [14] . Cell free supernatant (100 ~I) and 100/~1 20 mM potassium phosphate buffer, pH 7, were diluted to 1 ml with distilled water. The change in absorbance at 227.5 nm compared to an uninoculated medium blank was determined. The concentration of sinigrin was calculated using a molar extinction coefficent of 7800 M-1 cm.
Chemicals and reagents
Chemicals were of AnalR grade and were obtained from BDH Chemicals (Poole, Dorset, UK) except for sinigrin and the 8-toluidine assay reagents which were from the Sigma Chemical Co. (Poole, Dorset, UK). Agar was LabM (Amersham, Bury, UK).
Results
Stability of sinigrin and glucosinolates
Both sinigrin and the natural glucosinolates present within rapemeal were found to be highly stable with no significant decrease in amounts 85 after long term incubation (50 days) in uninoculated M9 salts medium at 37°C or 50°C. Similarly, repeated autoclaving (up to five times) showed no significant thermal degradation.
Isolation of sinigrin degrading organisms
Over 192 laboratory strains from the genera Bacillus, Thermoactinomyces, Saccharomonospora, Streptomyces, Pseudomonas, Penicillium, Lactobacillus and Aspergillus were tested for their ability to degrade sinigrin after inoculation into M9 salts medium that contained 0.1% sinigrin and glucose. However, no growth or sinigrin degradation was observed (results not shown).
Environmental samples were used to inoculate sinigrin-containing media. The rate of disappearance increased when samples from flasks exhibiting degradation were transferred on for enrichment (Fig. 1 ). Sinigrin concentrations above 1% (w/v) inhibited any further enrichment due to the toxicity of the hydrolysis products. No sinigrin degrading organisms were isolated from any of the samples enriched at 60°C, although sinigrin degradation did occur at a slow rate at this temperature (results not shown). At 50°C, degradation was most pronounced after the third transfer with the compost-inoculated flask exhibiting highest activity; after 200 h incubation approximately 85% of the sinigrin had been degraded compared with 60% and 50% for isolates from soil and River Mersey samples respectively (results not shown). Sinigrin degradation occurred in all the test flasks most readily at 37°C (Fig. 1) with results for the compost inoculum being similar to the corresponding flasks incubated at 50°C. Mushroom compost resulted in the enrichment of a highly active sinigrin-degrading population with almost 100% degradation after 160 h compared with 70% and 80% for soil and River Mersey samples respectively (Fig. 1) . Samples from enrichment flasks were plated on to sinigrin-containing agar. The isolates which grew at 50°C proved to be highly unstable and difficult to culture. Isolates obtained at 37°C degraded sinigrin in sinigrin-glucose-M9 medium as well as in M9-sinigrin liquid medium alone. These were tentatively classified by colonial morphology, growth physiology, Gram stain, presence of spores and catalase activity and also tested for their ability to degrade the glucosinolates within rapemeal. The results are shown in Table 1 
Sinigrin degradation during growth of isolates
The isolates were grown at 37°C in M9 salts medium with sinigrin (1 mg ml-1) in the presence or absence of glucose (2 mg ml-1). Sinigrin degradation, which occurred predominantly after glucose was almost exhausted, was not accompanied by any significant increase in growth yield. Growth also occurred in M9 salts medium containing sinigrin as the sole carbon source. In these cultures sinigrin degradation was rapid and growth yields were similar to those obtained when glucose was present. Results typical for all the isolates (except Mer 10/45) are shown for Comp 16/37 in Fig. 2a,b . Growth of Mer 10/45 was much slower than the others tested, sinigrin degradation was incomplete but occurred concomitant with glucose utilisation (Fig. 3a) . When Mer 10/45 was grown with sinigrin as the sole carbon source, degradation was again incomplete and the final growth yield was much reduced compared with Comp 16/37 (Fig. 3b) . Mud 23/67 and Comp 16/37 were the most active degraders, reducing the level of sinigrin within the medium to 1% (w/v) of the initial concentration.
All isolates could also reduce the glucosinolate content of rapemeal but to different extents. Growth of Comp 16/37 and Mud 23/67 in M9 supplemented with 1% (w/v) high glucosinolate rapemeal (ca 85/~mol g-1 rapemeal) resulted in degradation of all the glucosinolates to levels below detection after 7 days incubation at 37°C (Table 1) .
Discussion
Isolation of glucosinolate-degrading microorganisms was possible using sinigrin as a model compound for enrichment. Although 20 microorganisms were isolated, their ability to degrade sinigrin was variable, particularly those from 50°C enrichments which irreversibly lost the ability to degrade and grow on sinigrin as a sole carbon source. Eight of the isolates proved to be rela-87 tively stable and, except for a single fungal isolate, these were all Gram-positive bacteria. Inoculation of high glucosinolate (85/zmol g-1) rapeseed media with the sinigrin-degrading isolates showed that the level of glucosinolates in rapemeal could, in some cases, be reduced to virtually zero by microbial action. Plant breeding' and, more recently, molecular biology techniques have succeeded in reducing the glucosinolate content of modern 'double low' rapeseed strains often to below 20/~mol g-1. However, further reductions by this method in the plant may lead to increased spoilage as it has been suggested that glucosinolates play an important role in the resistance of cruciferous plants to pathogens and pests [15, 16] . The recent isolation of bacteria capable of glucosinolate hydrolysis from the gut of farm animals has made detoxification methods involving inactivation of the thioglycoside glucohydrolase enzyme unrealistic [17, 18] . Leaching of intact glucosinolates using water has also been suggested. However, a significant reduction in the essential amino acid composition of the meal by this method has prevented the large scale use of this technique [8] . Glucosinolate autolysis followed by solvent extraction has also been investigated but this process also leads to a reduction in the nutritive quality of the meal [6] . Glucosinolate removal by either microbial action or their enzymes would be post-harvesting and therefore would not require any further plant breeding to reduce the glucosinolate content of the seed. Microorganisms utilise not only the target compounds but the complex carbohydrates such as cellulose, xylose and pectins and proteins, improving the overall general quality of the feed by improving availability of sugars and protein. Microbial detoxification has been shown to be applicable in other crops. McKay [19] successfully reduced and eliminated the toxic glycosides, vicine and covicine, from fababeans using whole cells and microbial enzymes. Hydrolysis of glucosinolates by the action of the enzyme thioglucoside glucohydrolase yields a mixture of organic products, glucose and a hydrogen sulphate ion. These organic molecules are volatile and highly cytotoxic. The ratio of these products can be influenced by pH, the presence of metal ions and enzyme source [20] . Aliphatic isothiocyanates are highly toxic and reactive compounds which are highly immiscible with water. The problem of removing this class of compounds therefore still remains. Further work into the detoxification of rapeseed meal is in progress to identify the enzyme systems responsible so that glucosinolate degradation by enzymes rather than cells can be achieved. This would make the process more acceptable for using treated rapemeal in animal feeds.
